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Abstract
There is a current need for the development of new bone implant materials to overcome
a variety of surgical, biological, and manufacturing drawbacks. There are several
techniques used in the manufacturing of bone implants such as 3D printing. Rapid
prototyping/3D printing is an important process in the development of implants used in
bone fixation surgeries, its importance lies within the ability to customize and create
patient specific systems to increase the efficiency of bone fixation surgeries. The main
aim of this study is to develop and test new materials for the purpose of internal fixation
implants, such as bone staples, using 3D printing. The focus of this study will be on
biocompatible polymers as a viable alternative for metal alloys in the use of surgical
staples. The specific aims are: (i) Develop and design a mechanical apparatus to assess
surgical staples taking into consideration the guidelines provided in the American Society
for Testing and Materials (ASTM standard F564) for testing commercial surgical staples.
This aim was addressed by designing mechanical grips and extension blocks using CAD
(Computer Aided Design) with fabrication in aluminum; (ii) Characterize and test a set
of biocompatible polymers as surgical bone staples. The materials were examined (a)
mechanically using tensile tests, (b) thermally using thermogravimetric analysis, and (c)
chemically using simulated body fluid; (iii) Compare the mechanical performance of
staples generated using different 3D printing methods. The methods used to fabricate
surgical staples in this study are fused deposition modeling (FDM), stereolithography
(SLA), and composite-based additive manufacturing technology (CBAM); and (iv)
Assess the impact of heat sintering post 3D printing on the integrity of the designed
staples.
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The results demonstrated that carbon fiber reinforced nylon 6 (CF-PA6) can withstand
up to (12 ± 1) kilograms force with an optimum 25% stretchiness. This indicates the
ability to use these staples in low impact locations within the body (i.e. upper
extremities). Polymeric staples showed an approximate of 20% filler content (carbon
fiber), which is an optimal percentage to avoid brittleness. Evidence of susceptibility
to environmental factors of freshly printed staples were evident if not stored properly.
Also, body fluids could impact the integrity of polymeric staples, degrading them
gradually. This can be avoided with proper coating or wrapping of these staples. This
thesis contributed to the incorporation of biocompatible polymers in the orthopedic
field, by testing their compatibility as surgical staples.
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Chapter 1: Introduction

Injuries of bones are considered to be critical emergencies that should be handled at early
stages to prevent any possibility of lasting loss of function. Among these injuries are bone
fractures, cancer, and infections.
A broken bone should be stabilized and supported in order to provide sufficient strength
to handle the body’s weight and movement (Figure 1.1).

Figure 1.1: Fractured knee joint CT scan [1]

Bone fractures can be complete or incomplete fractures, open or closed fractures, and
complex or simple fractures. Complex fractures include two or more bone fragments,
while an open fracture indicates a cut skin with an open wound (Figure 1.2).

The basic goal of fracture fixation is to enable fast healing of the injured bone by
stabilizing it, and to return early mobility and full function of the injured extremity.
14

Fracture treatment can be classified into three types [2]. Type 1: conservative which is
the restoration of bone alignment by closed reduction treatment. Subsequent stabilization
is achieved with external splinting by slings, casts or splints, and braces to limit joint
motion [3]. Type 2: external factors based on splinting principle, the treatment is based
on three basic types: ring fixator, hybrid fixator, and standard uniplanar fixator [4]. Type
3: internal fixation. The main devices used for internal fixation surgeries are plates,
screws, pins, wires, intramedullary nails, and rods. Staples and clamps are used usually
for osteotomy and fracture fixation [2].

Figure 1.2: A) Open vs closed bone fracture. B) Complete vs incomplete bone fracture
[5].

Fixation surgeries are extremely difficult for most surgeons, factors such as complex
anatomy, sensitivity of the used methods, variation of each defect [6] and the time needed
to reconstruct the defect are of a crucial importance to surgeons for improving the chance
of a successful outcome and well-being of patients [7].

Since the late 1950s [8], internal fixation and open reduction has been used to solve bone
fractures, enable early mobilization and to overcome the limitations encountered when
15

the treatment involves cast immobilization or skeletal traction. Most internal fixation
devices rely on specialized devices or implants that are usually made of either titanium
alloy (Figure 1.3) or stainless-steel composites.

Figure 1.3: Titanium alloy knee replacement on the left, titanium hip stem and stem
head on the right [9].

1.1 Implant types, properties, and materials used

The abundant devices used in internal fixation surgeries can be roughly divided into these
major categories: plates, pins, screws, wires, rods/nails. And occasionally staples and
clamps [10]. Generally, these implants are made from titanium alloy, stainless steel alloy
or cobalt-chrome alloys. For example, bone staples are very common secondary fixation
implant used to guarantee extra bone purchase during an operation. They are usually made
of Nitinol or Ti6Al4V alloy [11].
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The main properties of implants include three main characteristics, mechanical, chemical,
and surface. Mechanical properties involve: (i) modulus of elasticity, which measures a
materials resistance to elastic deformation when a stress is applied [12], for example bone
modulus of elasticity is (18 GPa). (ii) Ductility is defined by the amount to which a
material can sustain tensile strain before failure [13]. It varies based on the position the
implant is in, usually a low ductility is needed for better fixation. For example, a minimum
of 8% ductility is needed as specified by the ADA (American Dental Association) for
implant coining. (iii) Tensile strength, which is defined as the resistance to breaking under
tension [14]. A high tensile strength can prevent implant failure. (iv) Fatigue involves
structural damage due to repeated cyclic loads [15]. Low fatigue values cause brittleness
of the implant material. Hardness, which is the ability to withstand friction [15]. High
values in hardness indicate that the implant will not wear over time. Toughness is the
resistance to fracture [15]. High toughness prevents implant failure.

Chemical resistivity is classified into four different categories [16]: (i) Crevice corrosion:
creating a positively charged region due to the presence of metallic ions at the boneimplant interface [17]. (ii) Bimetallic corrosion: known as (Galvanic corrosion) happen
when two dissimilar metals are in contact and immersed in a conductive solution
(electrically connected). An electrochemical process in which one metal corrodes in
preference to the other through an electrolyte [18]. (iii) Pitting corrosion: it’s a rapid
dissolve of positive ions in small implants placed inside a solution, combined with
chlorine ions resulting in pitting corrosion [18]. (iv) Electrochemical corrosion: with the
existence of passive oxide layer at the metal surface of the implant, anodic oxidation and
cathodic reduction can be prevented to a greater extend [19].
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Surface properties are defined as the characteristics of the outer surface and boundaries
of a material [20]. In orthopedic implants the following properties are very crucial as they
represent how the material interact with the body tissue in contact with (i) surface
tension/energy, which is the ability of a surface to resist external forces due to the
cohesive nature of water molecules [21]. This in turn influences the adsorption of
proteins, the cleanliness of the implant surface and wettability of the implant by the body
fluids. (ii) Surface roughness, which is the measure of the finely spaced microirregularities on the surface [20] minimally rough (0.5-1 µm) [22], Intermediately rough
(1-2 µm), and rough (2-3 µm). Different roughness can influence the response of tissue
cells in contact with the implant [22].

The main materials used in implants fabrication are metals, ceramics, and polymers [23].
Biocompatible metals used in orthopedic implants can vary, amongst these metals are
stainless

steel

(316L),

chromium-cobalt-molybdenum,

cobalt-nickel-chromium-

molybdenum, titanium (grade 4, grade 5), and recently new zirconium and tantalum
alloys [23]. Drawbacks of metals and their alloys include their high strength and elastic
modulus that do not match the normal human bones tissues which results in a stress
shielding effect leading to prosthetic loosening (stress shielding is when the majority of
the work/load is carried by the metal with not much stress applied to the bone itself,
causing bone density to decrease and in result a poor connection between the implant and
the bone) [24]. High toughness of metal alloys can cause several issues with the implant
including osteolysis and peri prosthetic fracture, which means bone is being destroyed by
the implant at a faster rate than the healing rate and the implant completely fractured the
18

bone, respectively. In addition, long-term implantation of metals can trigger
hypersensitivity reaction and initiate osteolysis [25]. It is important to consider that x-ray
absorption of metals cause artifacts that prevents the scan images for X-ray and CT to be
clear (metal artifacts are caused by a combination of multiple mechanisms, including
photon starvation, beam hardening, scattering), also many metals are magnetic resonance
imaging incompatible limiting MRI scans as well [26].

Ceramics used in implants include mainly calcium phosphate, aluminum oxide, zirconia,
hydroxyapatite, and glass ceramics. These materials provide very high compression
resistance which is very useful in many applications such as dental applications as they
have to withstand daily cyclic pressures as a result of food chewing [27]. However, their
mechanical toughness, ductility and brittleness make them unsuitable for load bearing
cases [28].
Due to these drawbacks (in metals and ceramics), researchers started investigating
polymers as potential replacement for metals and ceramics in internal fixation devices. In
this study we will focus on the investigation of polymers as bone staples.

1.2 Polymers

Polymers are a large chain-like material made up of small molecules called monomers,
which can be synthetic or natural. Most materials that are made from biopolymers have
high densities because they are usually hydrophilic materials and their chains present
intramolecular interactions through hydrogen bonds, resulting in a compact molecular
19

structure [24]. Biocompatible polymers allow the tissues and organs to function properly
without any complications [29]. The following (Table 1.1) shows a list of biocompatible
polymers used in medicine.

Table 1.1: List of the most used materials in medicine [29].
Materials

Typical applications

Poly(vinyl chloride) (PVC)

Blood tubing, as blood bags.

Poly(tetrafluoroethylene)

Tubing, endoscopes, cannulas, catheter linings, Synthetic

(PTFE)

blood vessels, Surgical sutures.

Poly(ether sulfone) (PES)

Tubing, catheters

Poly(ethylene) (PE)

Orthopedic sutures, artificial tendons

Poly(ether ether ketone) Dentistry products, rigid tubing
(PEEK)

Poly(sulfone) (PS)

Surgical and medical devices, clamps, artificial Heart
components, heart valves

Poly(propylene) (PP)

Heart valves

Carbon fiber

Dental implants, Total Hip joint, Tendons, Ligaments
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Glass fiber

Intramedullary nails, Bone cement

Poly(methyl methacrylate)

Bone cement

PMMA

Polyurethanes (PU) are widely used as short- and long-term, implantable medical devices
due to their good mechanical properties. PU’s offer biocompatible, synthetic polymeric
material that can be tailored to meet specific biological, and mechanical needs for
biomedical applications. For example, PU can be 3D printed to prepare a matrix material
for use in drug eluting implants [30].

Another common polymer is poly(ethylene) (PE), depending on its molecular weight, it
is categorized into low-density PE (LDPE) and high-density PE (HDPE), and dictates its
usage in applications (as the molecular weight of the polymer increases the strength also
increases, but the elasticity decreases). Several studies discussed the fabrication of
implants using PE from resin stage to a full product [31], for example, the effectiveness
of using PE in hip arthroplasty have found that ceramic-polyethylene couplings have
lower fracture rate than ceramic-ceramic traditional coupling, coupled with lower audible
component-related noise [32].

Poly(propylene) (PP) is commonly used in surgical mesh to reinforce weak tissues by
acting as a scaffold to allow fibro-collagenous cells to grow [33]. PP has been used in
21

several applications including breast reconstruction, blood oxygenator membrane, and in
combination with titanium to create a thinner mesh with capsular contraction and endless
papers published describing its behavior as a biopolymer in implant fabrication [34]. The
following (Figure 1.4) shows examples of polymeric bone implants.

Figure 1.4: Examples of polymeric implants. A) poly(ethylene) (PE) implant for saddle
nose correction [35]. B) Poly(ether ether ketone) (PEEK) cranial implant [36]. And C)
pins and screws in polyglycolic acid (PGA) and pins, rods, tacks, and plates in
polylactic acid (PLA) [37].

1.3 Polymeric implant fabrication

Until recently implants were fabricated using traditional techniques such as casting or
molding. Nowadays medical designers are incorporating other technologies into the
equation such as rapid prototyping or 3D printing [38]. Rapid prototyping (RP)/3D
printing is a set of techniques used to fabricate highly accurate parts out of CAD
22

(Computer Aided Design) models in few hours with small interventions from humans. It
allows designers to produce models of their own drawings, allowing them to conduct
assembly and function diagnosis of these designed parts as well as discussing downstream
fabrication problems with an easy-to-interpret, unambiguous prototype [39].

What rapid prototyping or 3D printing added to the industry of implant fabrication is the
ability to customize implants based on patient’s anatomical data, using old manufacturing
techniques this was difficult due to the procedure and cost involved [40]. Creating patient
specific implants (PSI) helped raise the success rates of fixation surgeries and created
better solutions for current medical conditions [25]. 3D printing technologies are mainly
divided into additive and subtractive manufacturing [40]. 3D printing technologies are
divided into three categories based on the state of the material prior to the fabrication,
liquid-based technologies (example stereolithography) which involve the solidification
of a resin through light contact (such as a laser), the melting and subsequent solidification
of a solid material (example fused deposition modeling), and powder-based solidification
technologies (example selective laser sintering) [39]. In this study we will investigate
polymeric implants fabrication using the following technologies: Fused deposition
modeling (FDM), Stereolithography (SLA), and a new technology developed by
Impossible Objects in the US called composite-based additive manufacturing technology
(CBAM).
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1.4 3D printing techniques explained

Additive manufacturing, also known as 3D printing, is the technique of creating threedimensional solid items from a computer file, the computer file is referred to as an stl. STL
(Standard Tessellation Language or STereoLithography) files represent the surface geometry of
a 3D object without include any colour, texture, or other data. The surface geometry of the 3D
object is recreated or reproduced using a set of linked triangles to recreate surface geometry of
the 3D model.
An object is built in an additive technique by laying down successive layers of material until the
object is complete. Each of these layers can be viewed as a cross-section of the item that has
been printed. In this thesis we will focus on three different 3D printing techniques.

First, Fused deposition modeling (FDM), also known as fused filament fabrication (FFF),
is the most widely used type of 3D printing. FDM printers work by extruding polymerbased filaments through a heated nozzle, by melting the filament the prototype is formed
layer by layer until its complete (Figure 5) [41].

Second, Stereolithography is recognized as the world’s first 3D printing method, it was
invented in the 1980s and is still widely used until now due to its ability to produce very
high-quality models. SLA printers use photochemical processes to solidify a liquid resin
into a hardened plastic, this process is called photopolymerization (Figure 1.5) [41].
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Figure 1.5: A demonstration of A) FDM 3D printing [42], and B) SLA 3D printing
[43].

Third, Composite-based additive manufacturing (CBAM) is a technology developed by
Impossible Objects in the US [44]. It relies on high-speed inkjet printers to produce
composite models. Long carbon fiber sheets are fed into the printer, layered shapes from
CAD slices are printed onto the carbon sheets using printing fluid and inkjet technology.
Polymer powder is then applied to the carbon sheet adhering to the printing fluid. Excess
powder is then removed leaving behind powder in the shape of the model. This process
is repeated through all the layers until the model is complete. Eventually, all sheets are
stacked and heated to the polymer melting point under compression to consolidate the
part to the designed height. Then mechanical or chemical techniques are incorporated to
separate the model from the sheets revealing the final part [44].

1.5 Post printing heat treatment

3D printed parts are almost always treated. The treatment of 3D printed parts aims to alter
the part’s microstructure and remove the internal stresses created during the printing
process. Commonly in industrial use, the modification of the microstructure targets
25

certain properties like toughness, hardness, wear resistance, and strength. In this thesis
our 3D printed staples will be subjected to heat treatment for 1 hour at the following
temperatures (100 ± 2, and 145 ± 2 ℃), our goal is to improve wear resistance by
hardening the material and decrease the ductility to an acceptable range (<30%).

1.6 Implant background and characterization methods

For the sake of this thesis, one specific implant will be chosen to be manufactured and
studied using polymers. The idea is to unite all the variables related to the shape of the
implant and focus only on the material aspect.
Bone staples were chosen to be characterized as polymers for the following reasons:
I.

Simplicity in shape and design as these staples will be designed using CAD.

II.

The ability to 3D-print them using different 3D printing techniques, thus, being

able to compare different manufacturing methods and different sets of polymers.
III.

Bone staples are widely used in orthopedics to stabilize and reduce fractured

bones especially in the upper and lower extremities.

Bone staples are fixation devices that consists of 2 or more bone entry points also
referred to as staple legs attached together using a bridge [11]. By design, its
manufactured from metal (ex. Nitinol) with various thickness and 2 or more legs with
varying lengths.
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With regards to classic application, a bone staple is inserted into bone to help stabilize
fractured bones and osteotomies [11]. It can also be used in addition to other implants or
simply multiple staples at one site. But the actual application can be expanded beyond
simply just holding bone fragments together, a bone staple can also be considered a type
of bone plate, as it is not constructed differently for different application, the working
concept of a bone plate with two holes and a staple is fairly similar, thus, bone staples
can bs used to reduce fractures, compress or buttress bone fragments much like any
plate. The basic use is fracture reduction, but it may be utilized as a solution to buttress
butterfly fragments which are loose fragments of the bone to help prevent any
movement or migration [11].

The essence of fixation effectiveness, besides mechanical strength of the staple, is the
purchase of the bone which is another way to describe staple-to-bone contact points.
The frictional relationship between the staple and the bone varies based on both the
shape of the staple (ex. Incorporating threads or rough ends could increase bone
purchase and stability of the staple) and the quality of the bone itself (ex. Osteoporotic
bone will not hold implants as efficient as normal bone) [11].

Invibio, a world leading manufacturer in orthopedic implants, presents their staples with
100MPa tensile strength, and 20% ductility [45][46]. We also purchased commercial
staples from Smith and Nephew [47] to be tested at our labs for practical comparison.
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The insertion method/surgical technique for bone staples is as following: I) surgeon
reduces the fracture manually using specialized tools such as clamps or forceps. II)
Using a drill guide surgeon drills the holes needed for the staple. III) Surgeon inserts the
staple manually into the holes and releases the clamps to obtain compression [48] [49].
Reflecting on the surgical technique gives a better understanding of the implantation
process, thus, taking into considerations different properties when it comes to the design
of our staples.
In our study, the following tests we conducted to evaluate the integrity of these staples
(mechanical, thermal, and chemical). In this section the characterization techniques
employed in this thesis are defined and explained.

First, mechanical analysis, which is a technique used to study the properties of materials.
The key principle of materials testing is mechanical loading of a specimen or material up
to a certain deformation or to break. The material properties which come as a result of
this are shown through material characteristics (Figure 1.6 - A). In this thesis, bone staples
were fabricated from polymers and characterized mechanically.

Thermogravimetric analysis or thermal gravimetric analysis (TGA), which is a technique
used for thermal analysis in which mass degradation is measured over time as a function
of temperature. It is helpful in studying physical phenomena, such phase transitions: as
well as chemical phenomena including thermal decomposition, and solid-gas reactions.
It is conducted using an instrument known as thermogravimetric analyzer, this instrument
continuously measures mass while sample temperature is constantly changing with time
(Figure 1.6 - B) [50]. In thesis, TGA was used to determine the filler content in the
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samples, to reflect on how different filler percentages impact the physical properties of
the sample. Also, it has been used as an indication of the moisture/humidity content
absorbed by the polymer from ambient air. The goal was to determine the ideal filler
percentage and guarantee a humidity percentage less than 2%.

Simulated body Fluid (SBF) is a solution with an ion concentration similar to blood
plasma, kept under identical physiological temperature and pH values. In this thesis,
SBF was used as a chemical test to predict the behaviour of materials in-contact with
biological fluids, over a period of 5 weeks and under a temperature of (37 ± 1 ℃).
Polymers were mechanically tested to study the difference in mechanical properties
before and after SBF immersion. The goal is to achieve a durable material that
withstands chemical corrosion.
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Figure 1.6: A) Shimadzu mechanical analyzer [51], and B) Thermogravimetric analysis
[52].

1.7 Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis) is a technique used to study the reflectance or
absorption spectra of a compound in the ultraviolet (100-400 nm) and the visible regions
(400-700 nm). The tested compound could be a solution, gas or a solid. UV-Vis is used
in analytical chemistry for the quantitative determination of different analytes. In this
thesis UV-Visible spectroscopy was used to determine the degradation rate of polymers
as a result of immersion in a body simulated fluid. This will give an indication on how
these polymers will react when being implanted inside the body.
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1.8 Aims

The main aim of this project is to develop the use of composite biocompatible polymers
as internal fixation devices fabricated using 3D printing. The specific aims are as follows:
1. Develop surgical bone staple using rapid prototyping (3D printing).
2. Develop, design and test extension block and grips as tools for the mechanical test
for validating staples according to the ASTM method (Standard F564).
3. Characterize and test a set of biocompatible polymers as surgical bone staples
4. Assess the impact of simulated body fluid and post 3D printing treatments on the
integrity of the designed staples.
5. Compare the mechanical performance of staples prepared using different 3D
printing methods.
Reflecting on how polymers are being incorporated more in orthopedics, the aim of this
thesis is to try and fabricate bone staples from polymers, and validate their physical
properties by subjecting them to mechanical loads and immersing the samples in body
simulated fluids at body core temperature.
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Chapter 2: Materials and methods

2.1 Materials

The following materials were used in the investigation of surgical staples (Table 2.1).
Table 2.1: Materials used to investigate polymeric surgical staples.
Material

Material details

ABS

acrylonitrile
Filament
butadiene styrene 1.75 mm

PETG

poly(ethylene
terephthalate)

Filament
1.75 mm

eSUN / Cubic FDM
Technologies

PLA

poly(lactic acid)

Filament
1.75 mm

eSUN / Cubic FDM
Technologies

Onyx

fusion of nylon Filament
with
chopped 1.75 mm
micro-carbon
fibers

Mark Forged / FDM
Mark Forged [54]

Surgical
resin

Material Form

guide methacrylate
Resin
monomer,
1 Liter
urethane
dimethacrylate, and
a photo initiator

Brand / Source

3D
Printing
method used in
eSUN / Cubic fused
deposition
Technologies
modeling (FDM)
[53]

Form lab / Form stereolithography
Lab [55]
(SLA)

Copper/ Copper- copper powder Filament
PLA
suspended in a 1.75 mm
PLA matrix

eSUN / Cubic FDM
Technologies

Carbon
fiber Short
carbon Filament
reinforced PETG fiber segments 1.75 mm
(<1mm)
and
poly(ethylene
terephthalate)

eSUN / Cubic FDM
Technologies

Carbon
fiber Short
carbon Filament
reinforced nylon fiber segments 1.75 mm
12
(<1mm)
and
PA12

eSUN / Cubic FDM
Technologies

Carbon
fiber Short
carbon Filament
reinforced nylon fiber segments 1.75 mm
6
(<1mm) and PA6

eSUN / Cubic FDM
Technologies

Carbon
fiber Carbon
reinforced nylon segments
12
PA12

fiber Metal
powder Impossible
and and carbon fiber Objects
sheets
Impossible
Objects [56]

Composite-based
/ additive
manufacturing
technology
(CBAM)

Carbon
fiber Carbon
fiber Metal
powder
reinforced PEEK segments
and and carbon fiber
Poly(ether ether sheets
ketone)

Impossible
Objects
Impossible
Objects

IPA

Form lab / Form SLA
Lab

Isopropyl alcohol Liquid
1 Liter

/ CBAM

A conventional bone staple was purchased to use as a standard staple in the comparison
process with polymers.
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All the materials in the above table (aside from IPA) were used to fabricate surgical staples.
These materials were chosen as they are either already used in orthopedics to form implants
or PSI’s (ex. nylon, PLA, surgical resin, onyx, carbon fiber) or they are commonly used lowcost polymers in multiple fields (ex. PETG, ABS, Copper-PLA).

2.2 CAD design

2.2.1 Staple design

A standard bone staple is called Richard staple or Richard U-staple [47] with a length, width,
diameter of 23.2 mm, 14.4 mm, 2 mm, respectively. The same design parameters of Richard
staple were used to design our staple. The design was conducted using a computer aided
design (CAD) with Autodesk (Fusion 360) [57].
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2.2.2 Staple extension blocks and grips

Using the guidelines provided in the American Society for Testing and Materials (ASTM
Standard F564 – 17) [58] specialized tools were designed and manufactured to test staples.
The method implies the use of exclusive extension blocks to hold the staple, and metallic
grips as connections between the mechanical analyzer and the extension blocks. Extension
blocks were designed using (Fusion 360). The legs of each staple are ﬁtted into ﬁxation holes
in each block with minimal clearance to restrict bending of the staple within the hole. In
addition, a proper connection between the extension blocks and the mechanical analyzer
should be reached by designing an exclusive metallic grips/handles as advised in the ASTM
Standard F564 – 17. The metallic grips permit the holding of the staple extension block
during the mechanical test. The mechanical analyzer grips were designed using Fusion 360.
These tools weren’t available in our lab, so they had to be designed and manufactured locally.
After finishing the design of the extension block and grips, the CAD models were handed to
the university workshop to be fabricated in aluminum. Along with them, a standard Shimadzu
cylindrical metallic pin was handed to the workshop to be replicated in the same dimensions
in aluminum for the purpose of holding the parts together.
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2.3 3D printing and materials

2.3.1 3D Printing of unreinforced polymers

All staples have been designed using Fusion 360, then the design was sliced using either
Ultimaker (Cura 4.6-beta) [59] for FDM printing or Mango (Lychee 3.3.2) [28] for SLA
printing. The slicer turns the staple CAD design into a g-code for the 3D printer to interpret.
During slicing, settings such as 3D printer model, nozzle printing temperature, heated bed
temperature, printing support, printing infill, printing speed, size and quantity of samples,
and type of material being printed are determined. In all our prints, no support was used as
the staple was laid on its side on the printing bed. The printing infill were set at 100%, the
printing speed were set at 100mm/s, and six staples were printed at once (Figure 2.1).
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Figure 2.1: A screenshot of staples sliced using Cura 4.6-beta with a length, width,
diameter of 23.2 mm, 14.4 mm, 2 mm, respectively

ABS, and PETG were 3D printed using Prusa Research (Prusa i3 MK3S) printer (Figure 2.2)
[60]. This printer uses FDM in forming models. The Prusa i3 MK3S uses a V6 E3D nozzle,
a steel hot end with a diameter of 0.4mm which allows for a maximum of 300 ℃ printing
temperature. ABS and PETG printing temperatures were set at 240 ℃, and 230 ℃,
respectively. Bed temperature was set at 70 ℃ for both materials.
PLA staples were printed using Prusa i3 MK3S and Creality (standard Creality CR-10S Pro
v2) 3D printer. PLA extrusion temperature was set at 200 ℃, and bed temperature was set at
70 ℃ in both printers.
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Onyx was printed using FDM through the Mark Forged (Mark 2) 3D printer (Figure 2.2)
(Table 2.1) [54], this printer uses a dual hot ends with a diameters of (0.4mm and 0.9mm).
The Onyx was printed using only the 0.4mm nozzle and a temperature of 145 ℃. The Mark
2 uses an unheated enclosed bed with a Garolite surface, covered with glue stick for strong
adhesion between the print object and the bed surface [61].

Figure 2.2: A picture showing A) a Prusa i3 MK3S printer [60], and B) Mark Forged Mark
2 3D printer [54].

Copper polymer consists of copper powder suspended in a PLA matrix, the presence of
copper within the polymer was found to be intriguing to investigate as PLA was tested solely
in this thesis, this could improve on the properties of PLA. Polymer copper composite was
printed using FDM through a customized Creality CR-10S Pro v2 3D printer (Figure 2.3).
The modifications of the printer were performed to improve on the strength of printed models
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and to lower the risks of damaging the model when being separated from the bed. The
modifications were as follows, the standard 0.4mm brass nozzle was replaced with a high
temperature metal hot end (Nozzle X E3D) with a printing diameter of 0.6mm, a flexible
steel bed cover was added (FYSETC, spring steel bed). In addition, a filament handle was
installed at the top of the printer inside a low humidity chamber (dry box) filled with moisture
absorbing bags (silica bags). Poly(tetrafluoroethylene) (PTFE) insulation tube was installed
to connect the filament from the dry box to the hot end. Copper was printed at 200 ℃ with a
bed temperature of 80 ℃.

Figure 2.3: A) The Creality printer, number 1,2, and 3 indicate the top roll handle, the
Nozzle X E3D with 0.6 mm diameter, and the spring steel bed, respectively. B) The dry
box with silica bags inside it. C) The PTFE insulation tube (blue tube).
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Surgical guide resin was printed using Stereolithography (SLA) using a Formlabs (Form2)
3D printer (Figure 2.4). The surgical resin was fed into the printer (1 liter) to form the staple.
After the shape was complete, the staple was washed and cured as follows: the wash of the
staple was conducted using Formlabs (Form Wash). Isopropyl alcohol (IPA) was added to
fill the machine container and the part was washed for 20 mins. After the 20 mins, the staple
was kept under ambient conditions (21 ℃ / 45% relative humidity) for 30 mins to allow the
IPA to evaporate. The curing was conducted using a Formlabs (Form Curer), the curing took
place for 30mins in an enclosed chamber kept at 60 ℃.

Figure 2.4: A picture showing 1) Formlabs Form 2 3D printer, 2) Formlabs Form wash,
and 3) Formlabs Form curer [61].
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2.3.2 3D printing of reinforced polymers

Staples in carbon fiber reinforced PETG, carbon fiber reinforced nylon 6 and carbon fiber
reinforced nylon 12 were printed using FDM on the customized Creality CR-10S Pro v2 3D
printer. Carbon fiber reinforced PETG was printed at 225 ℃ with a bed temperature of 80
℃, carbon fiber reinforced nylon 6 was printed at 260 ℃ with a bed temperature of 70 ℃,
and carbon fiber reinforced nylon 12 was printed at 240 ℃ with a bed temperature of 70 ℃.

Staples in carbon fiber reinforced PEEK and carbon fiber reinforced nylon 12 were fabricated
using composite-based additive manufacturing technology (CBAM) through a collaboration
with Impossible Objects (USA).

2.3.3 Post printing treatment

Nylon 6 staples were subjected to dry heat settings in a Binder (Binder ED 56 furnace)
(Figure 2.5) under ambient air as an atmosphere. Samples were placed in a clean Labtek
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(Borosilicate glass container) [62] with 5.5cm diameter and placed inside the furnace for 1
hour in the following temperatures (100 ± 2, and 145 ± 2 ℃).

Figure 2.5: Binder ED 56 furnace [63].
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2.4 Characterization of materials

2.4.1: Mechanical Testing

Mechanical testing of the staples was conducted using a universal mechanical analyzer
Shimadzu EZ-S. Mechanical testing of staples was conducted using the ASTM method
(ASTM Standard F564 – 17) [64], a standard method for validating surgical staples. Briefly,
the method states the use of combined tension as an indicator of the tensile strength of the
designed staple [65]. The method implies the design of staple extension blocks and grips to
hold the staple during the test as shown in (Figure 2.6) (see section 2.2.2). Staples from the
mentioned above materials (Table 2.1) were fabricated as staples and tested. In addition, a
conventional staple was tested as a gold standard to compare with our polymeric staples.

The legs of each staple are ﬁtted into ﬁxation holes in each block, with minimal clearance to
restrict bending of the staple within the hole. The extension blocks were connected to the
metallic grips, then grips were loaded into the Shimadzu EZ-S mechanical analyzer. The
connection between the grips with the extension blocks, and the connection between the grips
and the analyzer were both achieved using metallic pins to hold the parts together. Three pins
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were needed, one to hold the upper extension block to the upper grip, one to hold the lower
extension block to the lower grip, and one to hold the lower grip to the mechanical analyzer
(the upper grip has threads and is screwed to the analyzer). All the samples were tested under
the same conditions, samples were loaded into the analyzer and tested against their tensile
strength. Rate of extension (test speed) was set at 1mm/min with a maximum load of 500N.
Failure was identified in a complete separation of staple component, a visible crack, or a
significant drop in applied force. All tests have been videoed and checked after the test for
signs of slippage or micro-cracks. Any slippage signs would result in the sample data being
rejected.

Figure 2.6: A) Schematic representation of the setup for staple testing [58] B) Image
showing a staple undergoing a tensile test.
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2.4.2 Mechanical test preparation

Prior to loading the staple on the mechanical analyzer, the dimensions and weight of every
sample were measured to calculate the density and to reject samples with irregular weights.
Irregular weight was defined as 10% variation from the mean weight. Weights were taken
using the Toledo (PB3002-S/FACT) [66] and dimensions were measured using a Caliper
Vernier Metal (150mm x 0.02mm) [62]. 10 staples identical staples were printed and tested
for each material.
Before starting the tensile test, PLA staples printed from the standard Creality CR-10S Pro
v2 3D printer were used as calibration samples to align both grips and extension blocks. This
calibrates the mechanical set-up and eliminates any improper alignment issues such as
sample slippage or early sample breakage.

2.4.3 Thermogravimetric analysis (TGA)
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TGA was used to determine the filler content in the sample, and to reflect on how different
filler percentages impact the physical properties of the sample. Also, it has been used as an
indication of the moisture/humidity content absorbed by the polymer from ambient air.
Samples were tested using NETZSCH (TG 209 F1) (Figure 2.7) [67]. A portion equal to 1020 mg were cut out of the staple leg using a scalpel and weighted (the optimum weight for
this test is 10-20 mg). Then the portion was placed inside the instrument using Shimadzu
crucibles (alumina ceramic) (20-1600 ℃) [68]. Ambient air was chosen for the test
atmosphere with a starting temperature of 20 ℃ and an end temperature of 950 ℃. The heat
rate was set to increase 5 ℃/min.

Figure 2.7: NETZSCH TG 209 F1 TGA instrument.
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2.4.4 Simulated Body Fluid (SBF)

SBF was used as a chemical test to predict the behaviour of polymers as a result of direct
contact with biological fluids. Prior to SBF preparation, all bottles and tools were washed by
Univar hydrochloric acid (HCl) solution (38% HCl concentration), and deionized water (18
MΩ.cm) and left to dry, deionized water was obtained from Sartorius (arium comfort)
dispenser [69].

The SBF was prepared by adding quantities as outlined in (Table 2.2) into 500ml deionized
water in a Labtek volumetric flask (borosilicate glass) (1L) at (37 ± 3 ℃) under magnetic
stirring using a magnetic stirrer (LAB CO magnetic stirrer). The plate provided stirring as
well as heat to keep the solution at the required temperature.

Table 2.2: Total amount of ions used in a 1L SBF solution.
Order
1

Reagent
sodium chloride (NaCl)

Amount
7.996 g
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2

bicarbonate of soda (NaHCO3)

0.350 g

3

potassium chloride (KCl)

0.224 g

4

dipotassium phosphate (K2HPO4･3H2O)

0.228 g

5

magnesium chloride (MgCl2)

0.305 g

6

calcium chloride (CaCl2)

0.278 g

7

sodium sulfate (Na2SO4)

0.071 g

8

tris(hydroxymethyl)aminomethane
((CH2OH)3CNH2)

6.057 g

pH was adjusted at the end to 7.4 by adding HCl and using a pH meter from HANNA
Instruments. Deionized water was added after to increase the total volume to 1L. The pH of
the blood plasma ranges from 7.3 - 7.4 [70], since the pH of SBF is highly affected by
temperature, the solution was kept carefully at (37 ± 3 ℃) during preparation by keeping the
heat of the magnetic plate going and checking the temperature using a Livingstone
thermometer (mercury-in-glass thermometer -5-50 ℃). The solution was transferred from
flask to 1L plastic bottle (poly(ethylene)) and stored at (1-5 ℃).
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Before and after immersing staples in SBF, staples were weighed using a scale, and
dimensions were recorded for each one using a caliper. Staples were immersed in SBF inside
a sterile Labtek container (polystyrene) with 5.5cm diameter [62]. The container was placed
inside a furnace for a period of 5 weeks under (37 ± 1 ℃). Each container would have 3
staples in it and sealed to prevent any fluid evaporation. A set of staples (three) were taken
out at day 2 after immersion, then at every week for the duration of the test. The taken set
were cleaned and dried using a paper towel followed by mechanical testing. The above steps
were repeated for another set of staples, the only difference is that one staple was immersed
in each container instead of three, and the remaining SBF were collected afterwards using a
3ml sterile transfer pipette (Polyethylene) [71] and stored at (1-5 ℃) inside a 10ml Wheaton
bottle (borosilicate glass) [72] for further analysis using UV-spectrometry.
Immersing only one staple in each container in the second set was to ensure we are measuring
the degradation rate of one staple at a time and not three. Having three staples immersed in
the same container would not impact their mechanical properties but the degradation
concentration would represent three samples not one.
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2.4.5 Ultraviolet-visible spectroscopy (UV-Vis)

UV-Visible spectroscopy was used to determine the degradation rate of polymers as a result
of immersion in a body simulated fluid. This will give an indication on how these polymers
will react when being implanted inside the body.
The absorbance behaviour of SBF samples was obtained using UV-Visible spectroscopy
(Shimadzu UV-1800) (Figure 2.8) [73] with a 1 cm pathway cuvette (Shimadzu, plastic)
[74]. Wavelength range between (300-800nm) were recorded for each sample; below which,
absorbance values became noisy. A single wavelength (380nm) was selected to compare
wavelengths overtime
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Figure 2.8: Shimadzu UV spectrometer (UV-1800).

51

Chapter 3: Results

This chapter present the outcomes of comparative investigations of the structure and
properties of selected engineering materials as surgical staples, designed using CAD and
manufactured alternatively by 3D printing methods. The purpose of this thesis is to
investigate an alternative for alloys in the use of bone implants such as surgical staples.

3.1 CAD design

3.1.1 Staple design

Staples were designed in CAD (Fusion 360 , Figure 3.1), and 3D printed in the materials
specified in chapter 2 (section 2.1). The staple dimensions were designed with the following
parameters, length of 23.2 mm, width of 14.4 mm, and diameter of 2 mm.
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Figure 3.1: A) CAD image of staple design with length, width, and diameter of 23.2
mm,14.4 mm, and 2 mm, respectively, measured using a caliper. B) Image showing a
typical staple prototype 3D printed in PLA.

3.1.2 Extension blocks

Extension blocks were designed using Fusion 360 following the guidelines provided by the
ASTM Standard F564 – 17 [58]. The extension blocks permit the holding of individual
staples for the purpose of mechanical testing (Figure 3.2-A-1). Several load positions for
different stress characterizations were included in the design by designing three different
holes at the other end of the extension block with different distances (Figure 3.2-A-2).
Different sizes of extension blocks were 3D printed from PLA to optimize for the perfect
size, the aim was to have minimal movement for the staple and less stress applied on the
staple leg.
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Figure 3.2: A) CAD image of extension blocks with length, width and diameter of 25 mm,
12.5 mm, 5 mm, respectively. Number 1 and 2 indicate staple leg position and different
load positions, respectively. B) Image showing different extension blocks printed in PLA.

3.1.3 Analyzer grips

Analyzer grips were designed in CAD (Fusion 360, Figure 3.2-A). The grip is the connecting
point between the extension block and the mechanical analyzer. Rapid prototyping (3D
printing in PLA) was used to work out the perfect grip dimensions for the mechanical tests
(Figure 3.3-C). The optimized design of the extension blocks, and grips was fabricated in
house in aluminum (Figure 3.4).
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Figure 3.3: A) CAD design of grips. A) PLA model connected to the analyzer and the
extension block. C) Different grip sizes printed in PLA.

Figure 3.4: Extension blocks, and grips fabricated in aluminum at AIIM workshop.
Number 1-5 indicate extension blocks to hold the staple from both sides, a bottom grip that
sits at the bottom of the mechanical analyzer, stabilizing pins to hold the extension blocks
and the grips together, and upper grip screwed at the top of the analyzer, respectively.
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3.2 3D printing and accuracy
Each printing method was used to produce 10 staples out of the CAD design. The dimensions
and weight of each one was measured using a caliper and a scale, respectively, to determine
the consistency of each printer. The aim of this test is to produce a set of staples that are
identical for the purpose of material characterization.

Table 3.1 shows the mean values for every dimension of the staple for each unreinforced
material. In (Table 3.2) same measurements have been taken for polymers with carbon fiber
as reinforcement. The results indicate that there is good agreement between the dimensions
of all the samples prepared regardless of filament and printing method. Some variation has
been observed but is usually within error margins.

Table 3.1: Summary of mean values and 95% confidence interval for 10 printed staples.
Sample

PLA

ABS

PETG

Surgical
Copper
Guide resin

Width
(mm)
Length
(mm)
Diameter
(mm)

14.4 ± 0.1

14.2 ± 0.1

14.3 ± 0.1

14.4 ± 0.2

14.4 ± 0.1

23.3 ± 0.1

23.1 ± 0.1

23.2 ± 0.1

23.3 ± 0.2

23.2 ± 0.1

2.0 ± 0.1

2.1 ± 0.1

2.0 ± 0.1

2.0 ± 0.1

2.1 ± 0.1
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Table 3.2: Summary of mean values and 95% confidence interval for 10 printed staples.
CF and CFB indicate carbon fiber reinforced polymer printed using FDM and CBAM
additive manufacturing approaches, respectively.
Sample

CF-PETG

ONYX

CF-PA12

CF-PA6
14.4 ± 0.2

CFBPA12
14.2 ± 0.3

CFBPEEK
14.1 ± 0.3

Width
(mm)
Length
(mm)
Diameter
(mm)

14.5 ± 0.2

14.2 ± 0.1

14.4 ± 0.2

23.5 ± 0.2

23.1 ± 0.1

23.3 ± 0.1

23.4 ± 0.2

23.0 ± 0.2

23.0 ± 0.2

2.1 ± 0.1

2.1 ± 0.1

2.1 ± 0.1

2.1 ± 0.1

2.0 ± 0.1

2.0 ± 0.1
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3.3 Characterization of materials

3.3.1 Mechanical test results

Several 3D printing techniques were used to fabricate and investigate surgical staples. The
ASTM Standard F564 – 17 [58] was used to mechanically characterize the staples. A
conventional staple was also tested and compared against 3D printed staples. The samples
are loaded individually into the staple extension, then connected to the metal grips as shown
in (Figure 3.5), a tensile force is then applied until failure. Failure was identified in a
complete separation of staple component, a visible crack, slippage, or a significant drop in
applied force.
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Figure 3.5: (A-C) Time Sequence of a staple undergoing failure. A,B, and C are at time 0
sec, 90 sec, and 150 sec, respectively. (D-F) Time Sequence of a staple undergoing stressrelaxation. D,E, and F are at time 0 sec, 60 sec, and 90 sec, respectively.

During the tests, failure patterns, strain at different stages, and values of stress were obtained
and recorded. Figure 3.6 shows that the most common failure pattern in staples is joint
separation.
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Figure 3.6: Picture showing typical joint failure patterns for ABS staples.

3.3.1.1 Mechanical characterization of unreinforced polymeric staples

The mechanical properties discussed in this study are tensile strength, tensile modulus, and
ductility. A typical stress-deflection curve for polymeric staples under tensile stress
conditions is shown in (Figure 3.7). Copper filaments consist of copper (in a powder form)
suspended in a PLA matrix, which allows for the easy printing of this composite. Copper
presented the second highest stiffness (modulus) and strength; it was similar in strength to
PLA, although Copper exhibited a higher modulus (stiffness). Onyx and PLA presented a
relatively similar strength, but since Onyx is made of nylon segments, a high ductility was
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present (26 ± 1 %) higher than the rest of the polymers. ABS exhibited the weakest properties
in terms of strength (11 ± 2 MPa) and ductility (14 ± 1 %) making it unsuitable for a staple.

30 MPa

PETG
PLA
ONYX

25 MPa

ABS
Surgical guide resin
Copper

Stress

20 MPa
15 MPa
10 MPa
5 MPa
0 MPa
0%

5%

10 %

15 %

20 %

25 %

30 %

Strain

Figure 3.7: Stress-strain curve for tested polymeric staples.

The polymers discussed in this section were all printed using FDM except for the surgical
resin which was printed using SLA. Most SLA compatible resins are ideal for delicate or
detailed structures. However, Surgical resin is one of the best resins available for SLA
printing in terms of strength and durability. SLA 3D printing usually costs more and yield
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less parts per unit of resin than FDM 3D printing, which makes it ideally for small build
volumes and not suited for bulk production [75].

Tensile test results are shown in (Table 3.3) for tested staples. Surgical resin exhibited the
highest values of strength (24 ± 3 MPa) and modulus (187 ± 20 MPa).

Table 3.3: Summary of the tensile test results.
Materials

Modulus (MPa)

Strength (MPa)

Ductility (%)

PLA

90 ± 10

17 ± 2

14 ± 1

ABS

70 ± 10

11 ± 2

14 ± 1

PETG

50 ± 10

13 ± 4

21 ± 2

ONYX

80 ± 10

16 ± 3

26 ± 1

guide 187 ± 20

24 ± 3

15 ± 2

101 ± 10

17 ± 3

20 ± 1

Surgical
resin
Copper

Ductility should vary based on the type of implant; a staple should not allow for more than
25-30% of ductility [76]. Surgical resin reported (15 ± 2 %) ductility which is acceptable for
a staple, and so did the rest of the polymers. Ductility represents the amount of stretchiness
the staple will show under body pressure. Also, a staple should present a set of properties
including strength and stiffness equivalent to the environmental factors set upon after the
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implantation. These environmental factors are represented mainly by the pressure/force
applied from the body on the staple. Stiffness represents the capability of a polymer to resist
deformation in response to an applied force which is referred to as the modulus. This is
important from a surgical point of view; high stiffness protects the staple from being
damaged during the insertion process inside the bone. The modulus was calculated using the
slope of the plotted strain-stress curve withing 0.5-1% elongation (because of the difficulty
in sorting out the elastic and plastic regions due to the nature of the curve). Figure 3.8 is a
comparison in stiffness (modulus) between the tested staples.
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Figure 3.8: Stiffness/modulus comparison between staples tested.
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Surgical guide resin exhibited the highest stiffness values out of samples evaluated. It is
suggested that these staples are durable against breakage while being inserted inside the bone.

3.3.1.2 Mechanical characterization of reinforced polymers

In the last section we looked at mechanical results of the tested unreinforced polymers. In
this section the addition of fiber enforcement is investigated. Carbon fiber (CF) was chosen
as a reinforcement for staples due to its physical properties and popularity in the field of
implants. Carbon fiber increases the stiffness and strength but at a cost of ductility [77]. This
can be seen best in the following comparison between PETG staples before and after the
addition of carbon fiber (Figure 3.9). For example, PETG without carbon fiber has an average
ultimate strength of (13 ± 4 MPa) and an average ductility of (21 ± 2%). Whereas the CFPETG (carbon fiber reinforced PETG) composite has an increased strength of (20 ± 1 MPa),
but lower ductility (13 ± 1%). This perfectly demonstrates the impact of and the importance
of reinforcement in polymers.
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Figure 3.9: Stress-strain curve for CF-PETG and PETG.

A summary of the tensile test results of tested reinforced polymers is shown in (Table 3.4).
The following observations were made, CF-PA6 (carbon fiber reinforced nylon 6) yielded
the highest tensile strength between all materials tested with a value of (37 ± 3 MPa),
followed by CF-PA12 (carbon fiber reinforced nylon 12) with a value of (28 ± 2 MPa). The
ductility of CF-PA6 with a value of (26 ± 4%) was within the acceptable range for surgical
staples, on the other hand, CF-PA12 showed a high unsuitable ductility with a value of (48
± 2%).
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Table 3.4: Tensile test results for polymers with carbon fiber. CF-PETG, CF-PA12, and
CF-PA6 indicate carbon fiber reinforced PETG, nylon 12, and nylon 6 printed using FDM,
respectively. CFB-PEEK, and CFB-PA12 indicate carbon fiber reinforced PEEK, and
nylon 12 printed using CBAM additive manufacturing approaches, respectively.
Materials

Modulus (MPa)

Ductility (%)

150 ± 10

Strength
(MPa)
20 ± 1

CF-PETG
CF-PA12

104 ± 15

28 ± 2

48 ± 2

CF-PA6

149 ± 20

37 ± 3

26 ± 4

CFB-PEEK

174 ± 10

22 ± 3

8±1

CFB-PA12

244 ± 20

27 ± 1

13 ± 1

13 ± 1

The effects of carbon fiber addition on stress–strain relationship was assessed by observing
the failure of the specimens. Composite staples tested in (Table 3.4) exhibits better
characteristics compared to polymers without enforcement

The value of the modulus represents the stiffness of the staple, it is well-known that ductility
is inversely proportional to stiffness. As mentioned before, modulus values have been
estimated between (0.5-1mm stroke), aside from the CFB-PEEK. CFB-PEEK presented a
very low ductility that did not reach 1mm stroke for any of the tested staples, instead the
modulus for CFB-PEEK was calculated between (0.2-0.5mm stroke). It is suggested that for
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the CFB polymers, the low ductility values are related to the high temperatures and
compression forces used in the CBAM manufacturing process post printing. In Polymers
printed using FDM, only heat treatment has been used, this is discussed later in (section
3.3.2).

The results also show that CF-PA12 and CFB-PA12 have similar strength. However, CFBPA12 has higher stiffness than CF-PA12, this resulted in the CFB-PA12 staple being very
brittle and easy to break. It is suggested that staples produced using FDM 3D printing have
more implant-suitable mechanical characteristics compared to staples fabricated using
CBAM or SLA technologies.

The conventional staple was made from titanium alloy, although the exact composite was
unknown due to manufacturing company policy. At 500N load the staple showed a (130 ± 4
MPa) of tensile strength and (17 ± 3 % Ductility) (500N is the maximum load available for
testing in our equipment).
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3.3.2 Sintering or Heat Treatment

Since CF-PA12 and CF-PA6 showed the best mechanical properties from all the materials
tested, both were submitted to thermal annealing under air as an atmosphere. Using tensile
tests, the structural changes of the staples due to heat settings were investigated. Heat
treatment of polymers is important to avoid cracking and crazing, in addition to removing
internal stresses for better thermal and mechanical properties [78]. Staples were subjected to
heat settings at 100, and 145 ± 2 ℃ for 1hour inside the Binder furnace. The following
(Figure 3.10) shows the mechanical results of the staples before and after sintering. There
was a slight increase in the strength of both materials, although all values remain within error
margin. In addition, there were a noticeable decrease in ductility clearer in CF-PA12, the
new CF-PA12 ductility is more suitable for this application as surgical staples should possess
up to 30% ductility. CF-PA6 showed a small decrease in ductility, all within an acceptable
range for this application.
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Figure 3.10: Mechanical results of heat treatment on CF-PA6 and CF-PA12

3.3.3 Thermogravimetric analysis (TGA)

CF-PA6 and CF-PA12 were analyzed thermally using TGA. The rate of mass degradation as
a function of temperature in air (as a controlled environment) was investigated between 20
℃ and 950 ℃.
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3.3.3.1 Thermal stability and moisture percentage

Approximately 15 mg of CF-PA6 staple was cut and heated at a rate of 5 ˚C/min with the
TGA. The TGA results shown in (Figure 3.11) are generated on CF-PA6 and CF-PA12. The
figure shows the percent mass as a function of sample temperature under air purge. The data
shows that CF-PA6 begins thermal degradation at approximately 350 ℃ with an
approximately mass loss of 80%. CF-PA12 started thermal degradation at approximately 400
℃ with a similar loss of mass. There is an amount of residue present for both samples
approximately 20%. it is suggested that this represents the amount of carbon fiber present
inside the sample (this will be discussed later in (section 3.3.3.2)).
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Figure 3.11: TGA curve of carbon fiber reinforced nylon 6 and carbon fiber reinforced
nylon 12.

It is well-known that nylon staples absorb a small amount of ambient moisture which is why
they should be stored in a proper environment [79]. Staples are stored in a sealed plastic bag
with silica bags to absorb adjacent moisture (this was sufficient to keep moisture levels below
1-2%). TGA was used to determine the level of moisture in the sample. An enlarged view in
(Figure 3.12) shows a reduction of mass between 50 ℃ and 100 ℃ which is an indication of
moisture. The moisture content of CF-PA6 and CF-PA12 is estimated at 2% and 1%,
respectively.
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Ambient moisture has major bearing on the end use properties and processing performance
of the staples. The effects of moisture on nylon will be discussed in (section 3.3.4).

105 %

CF-PA6

CF-PA12

Mass

100 %

95 %

90 %

85 %

0℃

50 ℃

100 ℃

150 ℃

200 ℃

250 ℃

300 ℃

350 ℃

400 ℃

Temperature

Figure 3.12: An enlarged view of the TGA curve for CF-PA6 and CF-PA12 showing
moisture percentage.
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3.3.3.2 Filler percentage in composite

One benefit of TGA applications is the assessment of the filler content in composites. The
filler percentage in a composite can have significant impacts on the materials behaviour
under stress, some of these characteristics including stiffness and ductility of the sample.
This is particularly important for medical implants where mechanical properties are
accounted for. Figure 3.13 shows that carbon fiber undergoes thermal degradation at
approximately 600 ˚C for both samples. Since the purge gas was kept at ambient air, the filler
completed its burning at 800 ℃ with a mass loss of approximately 20% (other purge gases
could result in slightly different behaviors).
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Figure 3.13: An enlarged view of the TGA curve for CF-PA6 and CF-PA12 showing filler
(CF) percentage in staples.

3.3.4 Simulated body fluid & UV-Visible Spectroscopy

SBF was used to investigate the effects of body fluid on the behaviour of 3D printed
polymeric staples. CF-PA6 staples were immersed in SBF for a period of 5 weeks at 37 ℃.
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Sets of CF-PA6 staples were mechanically tested at day 2 after SBF immersion, and then at
every week up to 5 weeks. Staples were taken out of the furnace, dried with a paper towel
and the remaining SBF was gathered using a pipette and stored inside a cooling chamber at
(1-5 ℃) inside a 10ml glass bottle for further analysis using UV-Light spectrometry. Under
these conditions SBF solution remains stable over a period of 12 month [80]. In case any
substance precipitated during the storage, the SBF solution along with the bottle will not to
be used in the test.

The dimensions and weight gain have been followed by periodic measuring and scaling of
all the staples in the tested set, no change has been noticed in the dimensions. Weights were
taken using the Toledo (PB3002-S/FACT) (precision of 0.01g) [66] and dimensions were
measured using a Caliper Vernier Metal (150mm x 0.02mm) [62]. all measurements
indicated 14.4 ± 0.2 mm, 23.4 ± 0.2 mm, and 2.1 ± 0.1 mm in width, length, and diameter,
respectively. On the other hand, a slight increase in weight were noticed up to 0.02 g after
the immersion, it is suggested that this increase in weight is a result of fluid building-up in
between 3D printed layers of the staple. Table 3.5 shows the average weights and tensile test
results of CF-PA6 before and after SBF immersion.
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Table 3.5: Tensile test results and weight values of CF-PA6 before and after SBF
immersion.
Materials

Modulus(MPa)

Ductility (%)

Weight (g)

150 ± 20

Strength
(MPa)
37 ± 3

CF-PA6

26 ± 4

0.29 ± 0.01

CF-PA6 Day2

140 ± 20

31 ± 2

18 ± 2

0.29 ± 0.02

CF-PA6 Week1 170 ± 10

25 ± 2

14 ± 2

0.31 ± 0.02

CF-PA6 Week2 70 ± 10

11 ± 2

14 ± 1

0.32 ± 0.02

CF-PA6 Week3 100 ± 10

13 ± 1

15 ± 1

0.32 ± 0.02

CF-PA6 Week4 100 ± 10

12 ± 2

15 ± 1

0.32 ± 0.02

CF-PA6 Week5

11 ± 1

15 ± 1

0.32 ± 0.02

80 ± 10

The manifestation of water in CF-PA6 resulted in a significant modification of mechanical
characteristics of the polymer induced by a decrease in the extensibility of the
macromolecular chains. This change in mobility lead to a decrease in mechanical properties
of the polymer. From previous work [81] [82] [83] and available literature [84], PA6 can
become brittle due to hydrolysis [85]. During SBF immersion of CF-PA6 staples, it is
suggested that the composite experienced signs of hydrolysis of the molecular backbone in
PA6. This chemical degradation due to water molecules leads to chain scission and results
also in a large change in mechanical behaviour [84]. Before SBF immersion CF-PA6
exhibited a ductility of (26 ± 4 %), and a strength of (37 ± 3 MPa) which is the highest out
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of all tested materials. As immersion time increased the properties of the staple significantly
changed, after one week of SBF immersion, the strength and ductility dropped significantly
into (25 + 2 MPa) and (14 ± 2 %), respectively. The rate at which exposure time to the
solution decreases the mechanical properties is reflected in (Figure 3.14).
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Figure 3.14: Tensile test results for immersed samples.
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It has been noticed that the major damage is done within the first two weeks of the
experiment. After two weeks, strength reaches a plateau value of (12 ± 1 MPa). The rate of
decrease in strength is (12 ± 1 MPa/week).

The presence of water molecules led to the polymer losing its strength and shifting from
glassy to rubbery state [86]. It is also known that the presence of salts in the solution impacts
the amount of moisture absorbed by the sample, thereby results in lowering mechanical
properties as a result of higher swellings [87]. A proposed idea of the impact of body salts in
the degradation of CF-PA6 polymer is shown in (Figure 3.15).

Figure 3.15: Impact of body salts in accelerating CF-PA6 polymer degradation [87].
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As shown in the figure, the suggested body salts interact with the carbonyl turning it more
susceptible to water molecules by making it more electron withdrawing. Thus, speeding up
the degradation process of the polymer.

To look for degradation signs, UV-Visible Spectroscopy was performed, as described in
(section 2.4.5). Figure 3.16 shows the recorded absorbance of the SBF samples at varying
staple soaking times.
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Figure 3.16: UV-Vis absorbance for the SBF samples at Day 2, Week1-5 of immersion
time.
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Below approximately 480nm, absorbance starts to increase until it becomes noisy after
300nm. The effects set upon the polymer from the water molecules resulting in polymer
chain breaking, which then, molecules degrading out of the structure. It is suggested that
leachate from PA6 composites is expected to absorb in the visible light range. To compare
the degradation of samples over time soaked in SBF, absorbance at 380nm was plotted as a
function of time (Figure 3.17). This wavelength was chosen since it clearly shows the
impact of hydrolysis in increasing the absorbance rate with time. Although, the strength
reached a plateau value after 2 weeks, absorbance rates seem to continuously increase.
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Figure 3.17: Absorbance rate at 380nm vs time for immersed CF-PA6 staples.
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As can be seen from (Figure 3.17), absorbance increases with increasing time, suggesting
that more leachates are present in the SBF samples. This is attributed to the degradation of
staple samples.

At day 2, the absorbance rate was 0.005, and the mechanical strength was (31 ± 2 MPa),
dropped from (37 ± 2 MPa) prior to SBF immersion. At week 1, the absorbance rate
increased to 0.00719, and the mechanical strength dropped to (25 ± 2 MPa) indicating a
gradual weakening of the staples. Also, it has been noticed that there was a slight increase
in the staple weight at week 1, the original value was (0.29 ± 0.01 g), the weight increased
to (0.31 ± 0.02 g) indicating minor swellings. Tests were conducted twice with the same
behavior observed in both experiments, no controls have been applied although our
protocols was consistent with the published literature [88] [83] [84] [89].

Chapter 4: Discussion & Conclusion

Biocompatible polymers are increasingly being incorporated as biomaterials in modern
technology and manufacturing applications due to their sustainability, biodegradability, non81

toxicity, and the ability to form them easily at a lower cost. However, their wider use is being
limited by their lack of mechanical robustness in comparison with metals and ceramics. For
example, the incorporation of metals in the medical implants field is mainly due to their
ability to withstand mechanical stresses over a long period of time (i.e. 25 or 30 years of a
patient’s life).

The focus of this study is rapid prototyping of surgical staples using 3D printing and
biocompatible polymers as an alternative for metal alloys. The aims of this study were to: (i)
develop, design, and test a valid mechanical apparatus to validate surgical staples taking into
consideration the guidelines provided in the American Society for Testing and Materials
(ASTM standard F564) for testing commercial surgical staples; (ii) Characterize and test a
set of biocompatible polymers as surgical bone staples. The characterization was achieved
using mechanical tests, thermal analysis, and chemical resistivity; (iii) Compare 3D printing
methods in generating surgical staples in terms of resulting properties; and (iv) Assess the
impact of post 3D printing treatments on the integrity of the designed staples.

Surgical staples were designed using CAD and fabricated using 3D printing. The 3D printing
techniques used in this study were FDM, SLA, and CBAM. It is suggested that FDM printing
presented the best physical characteristics for surgical staples (strength, ductility and
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modulus) out of all 3D printing methods used. On the other hand, CBAM-generated staples
resulted as the most brittle ones. FDM printing of staples were achieved using Prusa (i3
MK3S), Creality (CR-10S Pro v2) and Mark Forged (Mark 2) 3D printers. The Form labs
(Form 2) 3D printer was used to fabricate staples in SLA. Through a collaboration with
Impossible Objects (US), polymeric staples made using CBAM technology were sourced as
part of this research.

The mechanical characterization of the polymeric staples was achieved using specialized
metallic grips and extension blocks, designed inhouse and fabricated in aluminum.
Thermal analysis was conducted using TGA, and chemical resistivity was tested by
immersing the polymeric staples in a simulated body fluid at 37 ℃ for a period of 5 weeks.

The outcome of the mechanical test results suggested a superiority performance for staples
made using FDM printing over any other 3D printing techniques used in this. Carbon fiber
reinforced nylon 6 (CF-PA6) exhibited the highest strength of all tested polymers (37 ± 3
MPa) and an optimum ductility for implantation (26 ± 4 %). The conventional alloy staple
exhibited a strength of (130 ± 3 MPa) and a (17 ± 3 %) ductility. Invibio, a world leading
manufacturer in orthopedic implants, presents their staples with 100MPa tensile strength, and
20% ductility. The sole purpose of having polymeric staples is to have cheaper, and in-home
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(hospital) implants that can be manufactured in minutes (pre-surgery). Now days and for any
orthopedic operation, hospitals request the needed implants few days prior to each surgery,
this involves the cost of the implants, delivery, and sometimes delays. Having an in-home
alternative that can be manufactured locally would be more convenient. CF-PA6 might have
lower strength than conventional staples, but those are intended for lower and upper limbs.
CF-PA6 can still be exploited in upper limbs as well as sternum as these require less force as
they don’t bear the full weight of the human body. Also, there are always more polymers to
investigate and more manufacturing methods to compare. The vision is to have an in-home
manufacturing of possibly all the implants needed each day, with a cheaper material and the
same operating results.

Thermal analysis showed that CF-PA6 and CF-PA12 staples began degradation at
approximately 350 ℃ and were susceptible to ambient environment, which if stored in low
moisture locations these artifacts can be avoided. TGA results have shown that CF-PA6 and
CF-PA12 staples presented a very low moisture content of 1-2%. Results also showed that
the carbon fiber content in 3D printed filaments is approximately 20%, it has been
demonstrated that a content of higher values more than 30% can result in a significant
decrease in ductility resulting in a brittle staple [90].
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Simulated body fluid test results revealed that CF-PA6 staples are weakened by body fluids
and salts, this suggests that without a protective coating they could degrade over time with
dramatic impact on their mechanical robustness. For example, staples made from CF-PA6
dropped in strength and ductility from (37 ± 3 MPa), and (26 ± 4 %) prior to SBF immersion
to (11 ± 1 MPa), and (15 ± 1 %) after 5 weeks of SBF immersion, respectively. This reduction
is significant as the staple will degrade overtime losing its full mechanical strength and
leaving residues inside the body.

It is suggested that the staples suffered from hydrolysis leading to polymer chain scission.
Also, the presence of body salts increased the speed of the degradation by making the
polymer susceptible to water molecules [87]. Signs of degradation have been investigated by
gathering the remaining simulated body fluid from the test and conducting a spectroscopy.
Results have shown an increase in visible absorbance with time, indicating that the longer
these staples are in contact with body fluid the more they degrade and lose mechanical
abilities.

To the best of our knowledge, this is the first demonstration of 3D printed polyamide surgical
staples. This proved the potential for biocompatible polymers to be more incorporated in the
field of orthopedics. Polymeric staples are easy to shape, design, and manufacture, which
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gives surgeons the flexibility of choosing the optimum design and shape for the patients need.
Also, unlike metal alloys, polymers can be modified to be biodegradable which eliminates
the need for a second surgery to remove internal implants in some cases.

1.4 Future work

This research in this thesis, has pointed the way to several interesting areas of promising
research, such as the potential for 3D printed polymers and their composites to be more
incorporated in the implantation field. As a potential future research, the investigation of
the applicability of polymers as other implants (e.g., bone plates or screws) should be
carried out. The replacement of metal with polymers could lower the cost of materials in
medical applications, and it is likely to eliminate the drawbacks associated with the use of
metals inside the human body (e.g., Osteolysis, and peri prosthetic fracture).

As filament fabrication techniques are continuously improving, there is always a potential
for better 3D printable materials to be made. It may also be possible to look for other material
composites to improve on the mechanical robustness of 3D printed materials described in
this thesis.
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Coating methods are to be investigated as well. Coating affects the way the human body
accepts and deals with the implant. The future direction would be to investigate the use of
coatings on the polymeric surgical staples as protective layers against corrosion. This will
lower the impact of SBF on the polymeric staples, and possibly enhance on the mechanical
properties of the staple.

There will also be a need to investigate the response of the immune system on these staples,
by possibly conducting an animal implantation. All tested materials have been identified as
biocompatible in literature, more tests on this to be conducted in the future.
Ideally, we are after a polymer with a tensile strength around (100MPa) and a ductility
below (20%), good corrosion resistance against body fluid to prevent degradation and
residues inside the body, minimally rough (0.5-1 μm) or Intermediately rough (1-2 μm)
surface properties, can be sterilized and withstand high sterilization temperatures (<150
degrees).
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